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Cholesteric reflective display: Drive scheme and contrast 



D. K. Yang and J. W. Doane 

Liquid Crystal Institute, Kent State University, Kent, Ohio 44242 

Z. Yaniv 

Kent Digital Signs, 1100 E. Summit St., Kent, Ohio 44240 

J. Glasser „ _ 

France Telecom CNET, 2 Route de Tregastel BP40, 22301 Lanmon Cedex, France 
(Received 27 October 1993; accepted for publication 24 January 1994) 
We studied the electro-optical response of a bistable cholesteric texture (BCT) display to ac voltage 
pulses. The material can be driven into states where planar and focal conic textures coexist at zero 
field and gray scale memory is achieved. According to the properties of the BCT display we 
designed two drive schemes; one for binary operation and the other for gray' scale operation. We 
made a 320X320 pixel reflective display with a resolution of 80 lines/in. on a passive matrix. 
Measurement in an integration chamber showed that the display has higher contrast and better 
viewing angle than a reflective super twisted nematic display. 
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The bistable cholesteric texture (BCT) display has two 



The bistable cholesteric texture (B^U aispiay nas wu /^~N\ 
stable optical contrasting states at zero field; 1 ^ 4 one state CH 2 =CHC0 2 -/( )/\f jY 0 2 CCH=CH 2 



reflects colored light and the other state is weakly scattering. 
The reflecting and scattering states correspond to the planar 
and focal conic textures, respectively. In the planar texture 
the liquid crystal is a periodic helical structure with the helix 
axes perpendicular to the surface of the ceil and reflects light 
of wavelength \ = nP, where n is the average refractive in- 
dex and P is the pitch length. 5 In the focal texture the liquid 
^ crystal is in a poly-domain structure with the helix axes ori- 
ented randomly throughout the cell and scatters light weakly. 
A BCT display cell typically has a cell gap of a few /mi and 
the back plate of the cell is painted black. In the planar 
texture the cell reflects colored light while in the focal conic 
texture the cell is almost transparent and appears black be- 
cause of the painted black background. The transformation 
between the reflecting and black states of a cell can be 
achieved by application of an ac voltage pulse whereby the 
reflecting state is obtained after the application of a high 
voltage pulse and the black state is obtained after the appli- 
cation of a low voltage pulse. The cholesteric material can be 
used to make high definition flat panel, displays on a passive 
matrix because of its bistability. 6 The displ ay does not need 
polarizers and can be operated in front-lit conditions. The 
reflected light is brilliant under room light conditions. 

The liquid crystal used in our experiment is a mixture of 
E48, CB15, ZLI4572, and CE1. E48 is a nematic liquid crys- 
tal and CB15; ZLI4572, and CE1 are chiral agents. The mix- 
ture reflects green light and the color shift in the temperature 
region of 0-80 °C is less than 30 nm. The display cell con- 
sists of two indium tin oxide (ITO) glass plates and the cell 
gap is controlled by 5->xm glass fiber spacers. The ITO glass 
plates are coated with polyimide and buffed for the homoge- 
neous alignment of the liquid crystal. Small amounts of a 
biacrylate monomer and photoinitiator are added to the mix- 
ture. The monomer has the structure shown below: 



The monomer is polymerized under ultraviolet (UV) irradia- 
tion to form a cross-linked network. The function of the 
polymer is to stabilize the focal conic texture, reported as 
polymer-stabilized cholesteric textures (PSCT) display, 3 and 
to improve the optical contrast of the display. 

We studied the response of the PSCT display ceil to 
pulses of various voltages to examine the gray scale using 
the following procedure: First, we drove the cell into the 
reflecting state or the scattering state; then we applied a pulse 
of certain voltage to the cell. Finally, we measured the re- 
flection of the cell 2 s after the application of the pulse in 
order to obtain a stable value. In the experiment the incident 
unpolarized light was monochromatic (tuned to the reflection 
peak) and collimated. The incident angle was 22.5° and the 
reflected light was detected with a collection cone of 70° 
centered at the reflection angle of 22.5°. The intensity of the 
reflected light was normalized to that of the incident light. 
The width of the applied pulse was 20 ms. The result is 
shown in Fig. 1 where curve a is the response of the cell in 
the reflecting state prior to the pulse. For voltage below 20 V, 
the reflection is not affected by the pulse. When the voltage 
of the pulse is between 20 and 34 V, the reflection decreases 
approximately linearly with the increasing voltage. Stable 
gray scale is obtained in this region. The reflection of the cell 
reaches its original value when the voltage is above 46 V. 
Curve b is the response of the cell in the scattering state prior 
to the pulse. In this case the reflection of the cell is un- 
changed by the pulse of voltage below 44 V. The cell is 
switched into the reflecting state by a pulse of voltage above 
50 V. 

We measured the iso-contrast of PSCT displays in an 
integration chamber where the incident light was isotropic 
and unpolarized. The result is shown in Fig. 2. The PSCT 
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FIG. 1. Reflection of the PSCT cell vs the voltage of applied pulse. The 
reflection was measured 2 s after the application of the pulse, (a) The cell is 
in the planar texture prior to the pulse; (b) the cell is in the focal conic 
texture prior to the pulse. 

display has no polarizers and therefore the contrast is sym- 
metric about the azirauthal angle. In Fig. 3 the contrast of the 
PSCT display is plotted versus the polar angle. The contrast 
of a reflective STN (super twisted nematic) is also shown for 
the purpose of comparison. The PSCT display has a higher 
contrast and better viewing angle than the STN. 

We designed two drive schemes for the PSCT display: 
one for binary displays and the other for gray scale displays. 
For the binary display, let us consider an example of a 3x3 
pixel display shown in Fig. 4 to illustrate the drive scheme. 
The voltages given here are for the display whose electro- 
optical property is shown in Fig. 1. The row voltage is either 
35 V for the selected row or 0 V for the nonselected row. The 
column voltage is ^ = 15 V for obtaining the reflecting state 
and 0 V for obtaining the scattering state. The row and col- 
umn voltages are ac square pulse and have opposite phases. 
Hence, for the pixels in the selected row the voltage across 
the pixel is either 50 V to obtain the reflecting state or 35 V 





FIG. 2: Iso-contrast of the PSCT cell where the incident is isotropic and 
unpolarized. 
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FIG. 3. Contrast of the PSCT cell and reflective SNTcelJ vs the polar angi 
where the incident light is isotropic and unpolarized. 



to obtain the scattering state. For the pixels in the nonst 
lected row the voltage across the pixel is either 0 or 15 
under which the states of the pixels are unchanged. Therefoi 
once a pixel of a multiplexed display is addressed into tr 
reflecting or scattering state, it will remain in that state. Tl 
contrast ratio of the image is independent of the number ( 
rows. We made a 320x320 pixel display with a resolution ( 
80 lines/in. A picture of Escher's Water Fall on the PSC 
display is shown in Fig. 5. In this drive scheme there i 
however, a problem that the frame time is long and not fa. 
enough for video rate operation. 

For the gray scale display, first the display has to b 
freshened, that is, a high voltage pulse applied to all tl: 
pixels lo drive them into the reflecting state. The row voltae 
is 20 V for the selected row and 0 V for the nonselected rov 
The column voltage is between 0 and 15 V, depending on th 
gray scale. The row and column voltages are ac squar 
pulses and have opposite phases. The voltage across the pi> 

V,«3SV V R --15V 



Mr Vu«V s *V R «50 V 
reflecting state 

2 M2=V S = 35V 

scattering state 



Vu=V„«0 V 

no change 
Vi2*M; = -15V 

no change 

V 2I * Vu«35V 
scattering state 

v„« V R + Vs« so v 
reflecting slate 



FIG. 4. Drive scheme for binary PSCT displays. 
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FIG. 5. Photograph of Eschcr Water Fall on the 320X320 pixel PSCT 
display. 

els on the selected row is between 20 and 35 V, where the 
gray scale is obtained. The voltage across the pixels on the 
nonselected row is between 0 and 15 V and therefore the 
states of the pixels are unchanged. 

We have demonstrated that BCT material has gray scale 



memory and can be used to make high definition displays on 
passive matrices. There is no cross-talking effect and the 
contrast ratio is independent of the number of rows. The 
BCT display does not need polarizers and can be operated in 
front-lit condition. The display looks brilliant under room 
light conditions. BCT has a higher contrast and wider view- 
ing angle than the reflective STN. The thickness tolerance for 
the binary display is small and the manufacturing cost is low. 
The dynamic response time of the BCT material is, however, 
fast enough for video rate operation with the passive drive 
scheme. Research is under way to improve the response time 
and design new drive scheme. 

This research was supported in part by the NSF Science 
and Technology Center ALCOM under Grant No. DMR89- 
20147. 
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Cholesteric reflective display: Drive scheme and contrast 
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We studied the electro-optical response of a bistable cholesteric texture (BCT) display to ac voltage 
pulses. The material can be driven into states where planar and focal conic textures coexist at zero 
field and gray scale memory is achieved. According to the properties of the BCT display we 
designed two drive schemes; one for binary operation and the other for gray* scale operation. We 
made a 320X320 pixel reflective display with a resolution of 80 lines/in. on a passive matrix. 
Measurement in an integration chamber showed that the display has higher contrast and better 
viewing angle than a reflective super twisted nematic display. 
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The bistable cholesteric texture (BCT) display has two 



stable optical contrasting states at zero field; 1 4 one state CH 2 =CHC0 2 ^(')Y\( )V 0 2 CCH=CH 2 
iv»fWtc rnWpH liohf and the nther state is weaklv scattering. \\ — "V V^-^V 



reflects colored light and the other state is weakly scattering 
The reflecting and scattering states correspond to the planar 
and focal conic textures, respectively. In the planar texture 
the liquid crystal is a periodic helical structure with the helix 
axes perpendicular to the surface of the cell and reflects light 
of wavelength \ = nP, where n is the average refractive in- 
^ dex and P is the pitch length. 5 In the focal texture the liquid 
\^ crystal is in a poly-domain structure with the helix axes ori- 
ented randomly throughout the cell and scatters light weakly. 
A BCT display cell typically has a cell gap of a few /tm and 
the back plate of the cell is painted black. In the planar 
texture the cell reflects colored light while in the focal conic 
texture the cell is almost transparent and appears black be- 
cause of the painted black background. The transformation 
between the reflecting and black states of a cell can be 
achieved by application of an ac voltage pulse whereby the 
reflecting state is obtained after the application of a high 
voltage pulse and the black state is obtained after the appli- 
cation of a low voltage pulse. The cholesteric material can be 
used to make high definition flat panel displays on a passive 
matrix because of its bistability. 6 The displ ay does not need 



polarizers and can be operated in front-lit conditions. The 
reflected light is brilliant under room light conditions. 

The liquid crystal used in our experiment is a mixture of 
E48, CB15, ZLI4572, and CE1. E48 is a nematic liquid crys- 
tal and CB15", ZLI4572, and CE1 are chiral agents. The mix- 
ture reflects green light and the color shift in the temperature 
region of 0-80 °C is less than 30 nm. The display cell con- 
sists of two indium tin oxide (ITO) glass plates and the cell 
gap is controlled by S-pm glass fiber spacers. The ITO glass 
plates are coated with polyimide and buffed for the homoge- 
neous alignment of the liquid crystal. Small amounts of a 
biacrylate monomer and photoinitiator are added to the mix- 
ture. The monomer has the structure shown below: 



The monomer is polymerized under ultraviolet (UV) irradia- 
tion to form a cross-linked network. The function of the 
polymer is to stabilize the focal conic texture, reported as 
polymer-stabilized cholesteric textures (PSCT) display, 3 and 
to improve the optical contrast of the display. 4 

We studied the response of the PSCT display cell to 
pulses of various voltages to examine the gray scale using 
the following procedure: First, we drove the cell into the 
reflecting state or the scattering state; then we applied a pulse 
of certain voltage to the cell. Finally, we measured the re- 
flection of the cell 2 s after the application of the pulse in 
order to obtain a stable value. In the experiment the incident 
unpolarized light was monochromatic (tuned to the reflection 
peak) and collimated. The incident angle was 22.5° and the 
reflected light was detected with a collection cone of 70° 
centered at the reflection angle of 22.5°. The intensity of the 
reflected light was normalized to that of the incident light. 
The width of the applied pulse was 20 ms. The result is 
shown in Fig. 1 where curve a is the response of the cell in 
the reflecting state prior "to the pulse. For voltage below 20 V, 
the reflection is not affected by the pulse. When the voltage 
of the pulse is between 20 and 34 V, the reflection decreases 
approximately linearly with the increasing voltage. Stable 
gray scale is obtained in this region. The reflection of the cell 
reaches its original value when the voltage is above 46 V. 
Curve b is the response of the cell in the scattering state prior 
to the pulse. In this case the reflection of the cell is un- 
changed by the pulse of voltage below 44 V. The cell is 
switched into the reflecting state by a pulse of voltage above 
50 V. 

We measured the iso-contrast of PSCT displays in an 
integration chamber where the incident light was isotropic 
and unpolarized. The result is shown in Fig. 2. The PSCT 
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FIG. 1. Reflection of the PSCT cell vs the voltage of applied pulse. The 
reflection was measured 2 s after the application of the pulse, (a) The cell is 
in the planar texture prior to the pulse; (b) the cell is in the focal conic 
texture prior to the pulse. 

display has no polarizers and therefore the contrast is sym- 
metric about the azimuthal angle. In Fig. 3 the contrast of the 
PSCT display is plotted versus the polar angle. The contrast 
of a reflective STN (super twisted nematic) is also shown for 
the purpose of comparison. The PSCT display has a higher 
contrast and better viewing angle than the STN. 

We designed two drive schemes for the PSCT display: 
one for binary displays and the other for gray scale displays. 
For the binary display, let us consider an example of a 3X3 
pixel display shown in Fig. 4 to illustrate the drive scheme. 
The voltages given here are for the display whose electro- 
optical property is shown in Fig. 1. The row voltage is either 
35 V for the selected row or 0 V for the nonselected row. The 
column voltage is V R = 15 V for obtaining the reflecting state 
and 0 V for obtaining the scattering state. The row and col- 
umn voltages are ac square pulse and have opposite phases. 
Hence, for the pixels in the selected row the voltage across 
the pixel is either 50 V to obtain the reflecting state or 35 V 
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FIG. 3. Contrast of the PSCT cell and reflective SNTceil vs the polar angle, 
where the incident light is isotropic and unpolarized. 

to obtain the scattering state. For the pixels in the nonse- 
lected row the voltage across the pixel is either 0 or 15 V 
under which the states of the pixels are unchanged. Therefore 
once a pixel of a multiplexed display is addressed into the 
reflecting or scattering state, it will remain in that state. The 
contrast ratio of the image is independent of the number of 
rows. We made a 320X320 pixel display with a resolution of 
80 lines/in. A picture of Escher's Water Fall on the PSCT 
display is shown in Fig. 5. In this drive scheme there is, 
however, a problem that the frame time is long and not fast 
enough for video rate operation. 

For the gray scale display, first the display has to be 
freshened, that is, a high voltage pulse applied to all the 
pixels to drive them into the reflecting state. The row voltage 
is 20 V for the selected row and 0 V for the nonselected row. 
The column voltage is between 0 and 15 V, depending on the 
gray scale. The row and column voltages are ac square 
pulses and have opposite phases. The voltage across the pix- 
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15 V 




1 Vn=V,3=V s+ v R = so V 
reflecting state 

2 Mi= V s = 35 V 
Z^> scattering state 



Vu= V^O V 

no change 
V^M^-lS V 

no change 

V 2 i= Vu=35 V 
— scattering state 
V»= V R + Vs=50 V 
reflecting state 



FIG. 2: Iso-contrast of the PSCT cell where the incident is isotropic and 
unpolarized. 



FIG. 4. Drive scheme for binary PSCT displays. 
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FIG. 5. Photograph of Eschcr Water Fall on the 320X320 pixel PSCT 
display. 

els on the selected row is between 20 and 35 V, where the 
gray scale is obtained. The voltage across the pixels on the 
nonselected row is between 0 and 15 V and therefore the 
states of the pixels are unchanged. 

We have demonstrated that BCT material has gray scale 




memory and can be used to make high definition displays on 
passive matrices. There is no cross-talking effect and the 
contrast ratio is independent of the number of rows. The 
BCT display does not need polarizers and can be operated in 
front-lit condition. The display looks brilliant under room 
light conditions. BCT has a higher contrast and wider view- 
ing angle than the reflective STN. The thickness tolerance for 
the binary display is small and the manufacturing cost is low. 
The dynamic response time of the BCT material is, however, 
fast enough for video rate operation with the passive drive 
scheme. Research is under way to improve the response time 
and design new drive scheme. 

This research was supported in part by the NSF Science 
and Technology Center ALOOM under Grant No. DMR89- 
20147. 
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@ FIDBBlgkriatallzelle. 

@ Zwlschen zwel Tragerplatten mlt Ansteuerelektrode 1st 
ein cholesterischer FlusslgkristaJI angeordnet, der in zwei op- 
tisch verschledenen, stabilen Texturen existiert und eine di- 
elektrische Anisotropie besitzt, die bei niedrtgen Frequenzen 
posltiv, bei hdheren Frequenzen negativ 1st. wodurch der FIQs- 
sigkristail durch Anlegen einer niederfrequenten Spannung 



eine der beiden stabiien Texturen und durch Anlegen einer 
hoherfrequenten Spannung die andere stabile Textur annimmt. 
Die beiden optisch verschledenen Texturen sind ohne anlie- 
gende Spannung iangzeitstabil. Oadurch sind energiesparen- 
de Anzeigen moglich. 
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Fliissigkristallzelle 



Die Erfindung betrifft eine Fliissigkristallzelle zur 
optischen Darstellung elektrischer Signale mit einera 
cholesterischen Flussigkristall zwischen zwei mit Ansteuer- 
elektroden versehenen Tragerplatten. 

Fliissigkristallzellen mit cholesterischen Flussig- 
kristallen sind bekannt. Bei diesen Zellen wird der Umstand 
benutzt, dass cholesterische Flussigkristalle in mehreren, 
d»h. in der Regel in zwei optisch unterschiedlichen Zu- 
standsformen existieren, zwischen denen sie durch Anlegen 
geeigneter Spannungen hin- und hergeschaltet werden konnen. 



In einer Zelle, ohne anliegende elektrische Spannung 
ist im allgemeinen eine Zustandsform stabil , bei welcher 
die Molekiile im wesentlichen parallel zu den Tragerplatten 

30 liegen, und somit die cholesterische Helixachse im wesent- 
lichen normal auf der Substratebene steht. Zustandsf ormen, 
die eine derartige Molekulanordnung aufweisen, werden in der 
Literatur meistens als Grandjean- Oder planare Texturen be- 
zeichnet. Da diese Begriffe aber einerseits fur eine theo- 

35 retische Idealform der entsprechenden Textur stehen, ander- 
erseits aber in der Praxis haufig auch noch zur Bezeichnung 
mehr Oder weniger def ormierter Texturen herangezogen werden 

Bu/ 23.2.84 
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und damit zu Missverstandnissen Anlass geben konnen, werden 
sie fur den Zweck der vorliegenderi Beschreibung vermieden. 
Statt dessen wird jeweils die Richtung der Helixachse fur 
die Beschreibung einer Textur benutzt. 

Bei der zweiten hier interessierenden Struktur liegt die 
Helixachse im wesentlichen parallel zu den Tragerplatten. Die- 
se Textur liegt wegen der ungunstigen Anpassungsverhaltnisse 
in den Randzonen energetisch hoher als diejenige mit platten- 
normaler Helixachse. Deshalb bildet sich bei kleinem Ver- 
haltnis von Zellendicke d zu cholesterischer Schraubungs- 
hohe P dieser Zustand ohne angelegtes Feld allmahlich wieder 
in die stabilere Textur mit plattennormaler Helixachse zu- 
riick. Bei grossen Werten von § (typisch grosser als zehn) 
ist der Einfluss der Randzone jedoch so gering, dass sich die 
15 Textur mit plattenparalleler Helixachse auch iiber Tage 

hinweg nicht zuriickbildet . in diesen Fallen scheint sogar 
die Frage nach der grosseren Stabilitat einer der beiden 
Texturen noch of fen zu sein. 



lO 



Die optischen Eigenschaf ten der beiden Zustande sind 
20 sehr unterschiedlich. Die Textur mit plattennormaler Helix- 
achse reflektiert entweder links- oder rechtsdrehendes 
zirkular polarisiertes Licht der Wellenlangen X urn den Wert 
n.P, wobei n mittlere Brechungs index ist. Fur einen hoheren 
Reflexionskoeffizienten muss dabei gelten, dass d .An grSsser 
25 als die Wellenlange ist, wobei An die Anisotropie des Brechungs- 
index ist. Die zweite, nicht reflektierte zirkular pola- 
risierte Komponente des einfallenden Lichts durchquert die 
Textur im wesentlichen ungestort. Vor absorbierendem Hinter- 
grund erscheinen fur n.P im sichtbaren Wellenlangenbereich 
30 die typischen cholesterischen Ref lexionsf arben. 

Der Flussigkristall im Zustand mit plattenparalleler 
Helixachse dagegen lasst Licht uhref lek tiert passieren, 
wobei jedoch eine Vorwartsstreuung in einem engen Winkel- 
bereich eintritt. Vor absorbierendem Hintergrund erscheint 
35 die FlUssigkristallschicht in diesem Zustand deshalb dunkel. 
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Diese beiden Zustande zeigen vor gut absorbierendem 
Hintergrund und bei gut entspiegelten Oberflachen einen 
eindrucklichen Kontrast. Auch in Transmission lasst sich ein 
guter Kontrast erreichen, wenn wenig dispergierendes Licht 
5 so durch Blenden gefiihrt wird, dass das im Zustand mit 
plattenparalleler Helixachse gestreute Licht die Blenden 
nicht mehr passieren kann. In dieser Betriebsweise wird die 
Ref lexionseigenschaf t des Zustandes mit plattennormaler 
Helixachse nicht benotigt. 

10 Die beiden vorstehend def inierten Texturen und ihre bp- 

tischen Eigenschaf ten wurden schon anfangs unseres Jahrhun- 
derts beschrieben. Einer Verwendung der durch sie bestimmten 
optischen Unterschiede stand jedoch der Nachteil entgegen, 
dass es nicht gelang, die beiden Zustande 

15 auf einfache Weise in beiden Richtungen ineinander iiber- 
zufiihren, etwa durch elektrische Felder. 

Aus der US-Patentschrif t Nr * 3,642,348 ist es be- 
kannt, dass ein cholesterischer Fliissigkristall , der sich im 
Ruhestand in der Grand jean -Textur befindet, durch Anlegen 

20 eines Gleifchspannungs- Oder eines niederfrequenten Wechsel- 
spannungsf eldes in die f okalkonische Textur umgewandelt 
werden kann. Nach Reduzierung Oder Abschalten des Feldes 
relaxiert der Kristall wieder in seinen Ruhestand, die 
Grandjean-Textur . Diese Ruckbildung kann innerhalb von 

25 Sekundenbruchteilen erfolgen, kann sich aber auch iiber 
Stunden erstrecken. Sie kann durch mechanische Mass- 
nahmen oder durch Erhitzen beschleunigt werden. 

Aus der deutschen Of f enlegungsschr if t 25 38 212 ist be- 
kannt r dass die ^Texturumwandlung vom Grand jean- in den fokal- 
30 konischen Zustand unter Mitwirkung eines elektrohydrodyna- 
mischen Ef fekts erfolgt, der sich in dielektrisch negativem 
nematischem Material bei geniigend niedrigen Frequenzen ein- 
stellt. 



35 



Aus der US-Patentschrif t Nr. 3,680 f 950 ist es bekannt, einen 
Fliissigkristall mit negativer Dielektr izitats-Anisotrppie durch 
den or ientierenden Effekt eines hoherf requenten elektrischen 
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Wechselfeldes aus dem f okalkonischen in den Grandjean-Zustand 
umzuschalten. 

Damitweisen alle diese Ef f ekte, wenn man sie zu einer i n 
beiden Richtungen schaltbaren Anzeigezelle kombiniert, einen 
erheblichen Nachteil auf: Infolge des Stromf lusses, der die 
elektrohydrodynamischen Turbulenzen hervorruft, wird der 
Flussigkristall langsam, aber kontinuierlich zersetzt. Seine 
Lebensdauer ist gering. ( 

Es ist zu beachten, dass es sich bei dem hier interes- 
sierenden Effekt und den vorstehend erwahnten bekannten Ef- 
fekten um den Texturwechsel innerhalb der cholesterischen 
Phase und nicht um davon grundsatzlich verschiedene Phasen- 
wechseleffekte handelt. 

Bei Phasenwechseleffekten weist der Fliissigkris'tall 
nur in einem der beiden Schaltzustande eine cholesterische 
Struktur auf , wahrend er bei angelegtem Haltefeld homootrop- 
nematisch ist. 

In der Deutschen Auslegeschrif t Nr. 25,42,189 ist bei- 
spielsweise eine solche Zelle beschrieben, die ein choleste- 
risches Flussigkristallgemisch enthalt, das eine energetisch 
stabile fokalkonische Struktur auf weist, wenn kein elektri- 
sches Feld anliegt, und aus diesem Zustand in eine homootrop- 
nematische Struktur umgeschaltet werden kann, in der es bei 
Anliegen eines geeigneten Haltefeldes bleibt. Nach Abschalten 
des Haltefeldes geht der Flussigkristall wieder in den sta- 
bilen fokalkonischen Ztrstland Qber. 

Abgesehen davon, dass dieser Phasenwechselef fekt 
vom hier betrachteten Te3f£urwe6hsel grundsatzlich verschie- 
den ist, weist auch der Phasenwechsel so erhebliche Nach- 
teile auf, dass er bisher keine technische Anwendung gefun- 
den hat, obwohl er seit langem'bekannt ist. Ausserdem sind 
fur den Phasenwechsel eine sehr hohe Ansteuerspannung und 
fur die Auf rechterhaltung des nicht-stabilen Zustands eine 
hohe Haltespamuang erforderlich. 
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Der Erfindung liegt die Aufgabe zugrunde, eine Flussig 
kristallzelle bereitzustellen, die durch die or ientierende 
Wirkung elektrischer Felder zwischen zwei stabilen, optisch 
verschiedenen Zustanden geschaltet werden kann und bei der 
5 kein lonenstrom im Elussigkristall fliessen muss, so dass gut iso 
lierende Fliissigkristall-Mater ialien gebraucht werden konnen, 
urn Degradationserscheinungen zu vermeiden. 

Erf indungsgemass wird dies dadurch erreicht r dass bei 
10 einer Zelle der eingangs genannten Art der Flussigkristall 
in zwei optisch verschiedenen stabilen Texturen existiert 
und eine dielektrische Anisotropie besitzt, die bei Fre- 
quenzen unterhalb eines Schwellwerts positiv ist, wodurch 
der Flussigkristall durch Anlegen einer Wechselspannung mit 
15 einer solchen niedrigen Frequenz eine der beiden stabilen 
Texturen annimmt, bei Frequenzen oberhalb des Schwellwerts 
negativ ist, wodurch der Flussigkristall durch Anlegen einer 
Wechselspannung mit einer solchen hoheren Frequenz in den 
anderen stabilen Zustand iibergeht, 

20 . Der cholester ische Flussigkristall ist vorzugsweise 
ein Geraisch aus nematischen Fliissigkr istallen mit choles- 
terischen Zusatzen. 

Die beiden stabilen Zustandf ormen, in denen sich der 
Flussigkristall befindet f sind die Textur mit plattenparalle- 
25 ler Helixachse, die der Flussigkristall beim Anlegen einer 
Niederf requenzspannung annimmt , und die Textur mit platten- 
senkrechter Helixachse, in die der Fliissigkr istall bei Anle- 
gen einer hoherf requenten Spannung iibergeht. 

Die dem Flussigkristall zugewandte Oberflache der 
30 oberen Platte, d.h. der Platte f durch die der Lichteinfall 
erfolgt, weist vorzugsweise eine homogene Wandor ientierung 
auf. Die gewiinschten elektro-optischen Effekte treten jedoch 
auch in Zellen ein die keine, bzw. homootrope oder auchhydrid 
Wandorientierungen aufweisen. 
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Nachfolgend werden anhand der beiliegenden Zeichnungen 
Ausf iihrungsformen der Erfindung beschr iebert. Es zeigen 

Fig. 1 eine schematische Darstellung einer Zelle 
mit einem cholesterischen Flussigkristall 
mit plattenparalleler Helixachse 

5 Fig. 2 eine schematische Darstellung einer Zelle 

mit einem Flussigkristall mit plattennormaler 
Helixachse 

Fig. 3 eine schematische Kurve des Verlaufs der 

dielektrischen Anisotropic in Abhangigkeit 
10 von der Frequenz eines am Flussigkristall 

anliegenden elektrischen Feldes. 

Fig. 4 eine schematische Darstellung einer mit dem 
neuen Effekt zu verwirklichenden Matrixan- 
zeige 

15 - Fig. 5 eine schematische Darstellung der Signalfor- 

men zur Ansteuerung einer Matrixanzeige ge- 
mass Fig. 4. 



Fig. 1 zeigt einem schematischen Querschnitt durch 
einen Teil einer Flussigkristallzelle. Die Zelle besteht 
20 wie ublich aus zwei im Abstand voneinander angeordneten 
Tragerplatten 1, 2, zwischen denen eine ch blester ische 
Flussigkristallschicht 3 angeordnet ist. 

Die obere Tragerplatte 1 sei diejenige r durch die der 
Lichteinfall erfolgt und aaf deren Seite sich im Falle einer 

25 reflektiv betriebeneh Anzeige der Beobachter befindet. Die dem 
Flussigkristall zugewandte Oberflache der Tragerplatte 1 ist 
so behandelt f dass sie die angrenzenden Flussigkristallmole- 
kule homogen orientiert. Diese sogenannte homogene Wand- 
orientierung kann mit den ublichen Methoden erzeugt werden, 

30 d.h. also beispielsweise durch Reiben, Schragbedampf en etc.. 
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Die homogene Wandor ientierung der Tragerplatte 1 ist 
nicht unbedingt fur die Funktion der Anzeigezelle erforder- 
lich. Sie dient aber zur Erzielung einer besseren optischen 
Homogenitat, insbesondere im Zustand in dem die Helixachse 
5 des Flussigkristalls senkrecht zu den Tragerplatten steht. 

Beide Tragerplatten l f 2 sind auf den dem Flussig- 
kristall zugewandten Seiten mit Elektroden versehen, iiber 
die die Ansteuerung erfolgt. Diese Elektroden bestehen in 
bekannter Weise aus diinnen, meistens auf gedampf ten Schich- 
10 ten von Indiumoxid etc, . 

Da die Anzeige auf dem optischen Unterschied zwischen 
den beiden Texturen des cholesterischen Flussigkristalls 
beruht, muss der Flussigkristall durch die obere Tragerplatte 

1 hindurch sichtbar sein. Das heisst die Tragerplatte 1 muss 
15 aus Glas, durchsichtigem Kunststoff etc. bestehen. Auch die 

obere Elektrode 4 muss durchsichtig sein. 

Die untere Tragerplatte soli Licht absorbieren, was 
iiblicherweise dadurch erreicht wird, dass auch die Trager- 
platte lichtdurchlassig ist und auf ihrer ausseren Seite 
20 eine absorbierende Schicht 6 angebracht ist. Selbstverstand- 
lich sind auch andere Konf igurationen denkbar, beispielsweise 
absorbierende Ausbildung der Elektrode 5 oder der Tragerplatte 

2 selbst. 

Die Elektroden 4, 5 sind mit einer Ansteuerelektronik 
25 verbunden, die fur den Zweck dieser Beschreibung lediglich 
schematisch durch zwei Wechselspannungsquellen 7 f 8 mit ver- 
schiedenen Frequenzen und einem Schalter 9 dargestellt ist. 
Fur die konkrete und detaillierte Ausbildung der Ansteuer- 
elektronik wird auf die umfangreiche einschlagige Literatur 
30 verwiesen, die dem Fachmann bekannt ist. 

Die Flussigkristallschicht 3 besteht aus einer soge- 
nannten Zweif requenzmischung , wie sieetwa in Appl. Phys. 
Lett. -41, 697 (1982) beschrieben wurde, welcher geeignete 
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chirale Molekiile zugemischt werden, sodass einerseits die 
Zweifrequenzeigenschaft erhalten bleibt, andererseits in der 
Mischung die gefragten cholesterischen Eigenschaf ten indu- 
ziert werden, im vorliegenden Fall also das Ref lexionsvermo- 
5 gen im sichtbaren Bereich. 

Eine besonders gut geeignete Flussigkristallmischung 
setzt sich zum Beispiel wie folgt zusammeh: Die nematische 
Zweif requenzmischung besteht aus folgenden Komponenten in 
den angegebenen Gewichtsanteilen: 



10 



15 



20 



C 4 H 9^>-COO -<O>-0C 2 H 5 

-coo-@-oc 5 h i:l 
:oo-^^-och 3 
:oo-^^-oc 3 h 7 




C 5 H U 



H 2 CH 2 



OC„H 



2"5 



C 2 H 5-^^ C 3 H 7 
C 7 H li^^* C 3 H 7 

C 7 H 15 ( @^®~ C00 -®- COO^g>-C. , 



Gew. % 
9,26 

13, 05 % 

8,38 % > = 2539 
10,11 % 

5,69 %) 

2,92 %^ 
7,11 % 
9,10 % 



4,55 % 



> = 2545 



3 

CN 



CI CN 



6,14 % 



CH 3 

C 7 H if^s7 CH 2 CH 2-®" CO °^ COO '^)- < ( 4,39 % 



CN 
CI 



3,51 % 



C 7 H 15 ^S>-<2>- COO-<0^- COO-^>- ( 

c 

C 7 H 15^^ CH 2 CH 2" H ©~W-<^CC^ 3,51 % 



25 C 5 H lf ^ : ^)-^)_ CH2CH 



7T 2 



8,77 % 
3,51 % 
100,00 % 
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Diese zwischen -6°C und + 79°C nematische Mischung 
besitzt bei 22°C eine Uebergangsf requenz fc von ca. 1,4 kHz. 
Bei Frequenzen < fc ist die dielektrische Anisotropie posi- 
tiv, fur f y f c negativ. 

Zu dieser nematischen Mischung werden folgende chirale 
Zusatze (in Gew. %) zugefugt, um eine gut sichtbare Farb- 
wirkung im griinen Spektralbereich zu erzielen. 

Gew. % 




2,0 wt % 



1,7 wt % 



2,8 wt % 



2,1 wt % 



1,9 wt % 



0 



io 
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Mit der in Figur 1 dargestellten Textur besitzt der 
Flussigkristall die fur die cholesterische Phase typische 
schraubenformig verdrillte Molekulanordnung , wobei die 
Schraubenachse mehr oder weniger parallel zu den Platten- 
5 oberflachen liegt. Dies ist in Fig. 1 durch eine Reihe von 
auf die Zeichenebene projizierten Molekiilen schematisch 
angedeutet. * 

Wird der Schalter 9 kurzzeitig mit der Spannungs- 
quelle 7 verbunden, so gelangt ein Impuls mit einer Frequenz 

10 von mehr als l f 4 kHz r vorzugsweise etwa 10 kHz r an den 

Flussigkristall 3, worauf dieser in den Zustand mit platten- 
normaler Helixachse ubergeht. Dieser Zustand ist in Fig. 2 
gezeigt. Bei der in Fig. 2 gezeigten schematischen Dar- ' 
stellung handelt es sich urn dieselbe Zelle wie in Fig. 1. 

15 Lediglich der Flussigkristall 3 weist jetzt eine andere Tex- 
tur auf, die sich dadurch auszeichnet, dass die ausgebildeten 
Schraubenwindungen mit ihrer Achse senkrecht auf den Trager- 
platten 1, 2 stehen- Die Molekiile sind in diesem Zustand so- 
mit im wesentlichen parallel zu den Plattenoberf lachen orien- 

20 tiert. 



Die Textur mit plattennormaler Helixachse bleibt 
ebenfalls ohne Energiezuf uhr von aussen iiber lange Zeit hin- 
weg unverandert bestehen* Dies ist dadurch angedeutet, dass 
auch in Fig, 2 der Schalter 9 geoffnet ist. Wird der Schal- 
25 ter 9 so umgelegt, dass die Spannungsquelle 8 mit den 

Elektroden verbunden ist, d.h. wird ein Spannungs impuls mit 
einer Frequenz von weniger als 1,4 kHz, d.h. vorzugsweise 
etwa lOO Hz zugefuhrt, so geht der Flussigkristall wieder 
in seine Textur mit plattenparalleler Helixachse fiber. 

30 Die Anzeigezelle besitzt also zwei wirklich stabile 

Zustande und kann durch Anlegen von Wechselspannungsimpulsen 
mit unterschiedlichen Frequenzen jeweils von einem zum ande- 
ren Zustand geschaltet werden. Zur Beibehaltung der beiden 
Zustande braucht es keine Haltespannung. Wie die Experimente 
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ergeben haben sind beide Zustande ohne angelegte Spannung 
iiber mehrere Wochen unverandert stabil. 

In Versuchszellen wurden die Umschaltvorgange mittels 
Rechtecksignalen von 60 Volt RMS durchgef iihrt . Zu einer 
5 10 /im dicken Zelle mit cholester ischer Fiillung mit einer 
Ganghohe P von P=0.38 jam fiihrte das zu Schaltzeiten von 
ca. 250 ms fur das Schalten in den Zustand mit plattennor- 
maler Helixachse. und von ca. 50 ms fur den Ruckschaltprozess 
Bei kleineren Spannungen waren die Schaltzeiten langer, und 
10 die Texturanderungen fanden unterhalb gewisser Schwellenwerte 
kaum mehr statt. Bei Anlegen der Niederf requenz findet bei 
ca. doppelter Spannung, d.h. bei 120 V der cholester isch- 
nematische Phasentibergang statt. Allerdiugs befindet man 
sich dann schon im Bereich hoher Durchschlagsgef ahr . 

15 Durch Variieren der Spannungen und Modif izieren der 

Zweif requenzmischungen diirften noch Verbesserungen der 
Schaltzeiten erzielbar sein. 

Der fur eine Anzeige erf orderliche optische Kontrast 
besteht darin, dass in der Textur mit plattenparalleler 

20 Helixachse der Flussigkr istall ziemlich gut lichtdurchlassig 
ist und damit die ruckseitige Platte sichtbar ist r die ge- 
mass ihrer absorbierender Eigenschaft dunkel erscheint. Im 
Zustand mit plattennormaler Helixachse findet dann die er- 
wahnte f requenzselektive Reflexion des Lichts statt. Dies 

25 fiihrt dazu, dass von weissem Licht nur bestimmte Anteile 

zuriickgestreut werden und der Flussigkr istall dadurch inten- 
siv farbig erscheint. Die jeweilige Farbe hangt von der Gang 
hohe des cholesterischen Flussigkristalls ab. Da bei den 
meisten cholesterischen Fliissigkristallen die Ganghohe tern- 

30 peraturabhangig ist andert sich die Farbe leicht mit wech- 
selnder Temperatur. Es ist jedoch dem Fachmann bekannt f wie 
dies durch entsprechende Mischungsverhaltnisse der Komponen- 
ten kompensiert werden kann. 
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In den Figuren 4 und 5 ist die Verwendung des neuen 
Effekts in einer Matrixanzeige gezeigt. In dem in Fig. 4 ge- 
zeigten Ausschnitt einer Matrixanzeige soil beispielsweise 
die Flache Z2/S2 in den Zustand mit plattenparalleler Helix- 
5 achse, die Flache Z2/S4 in den Zustand mit plattennprmaler 
Helixachse gebracht werden. Alle anderen Elemente sollen 
ihren Zustand unverandert beibehalteni 

Die darzustellende Information kann etwa zeilenweise 
eingelesen werden. Dabei folgen Hoch- und Niederf requenz- 
lO spannungen abwechslungsweise. An der gewahlten Zeile Z2 liegt 
von jeder Frequenz je einmal eine Spannung von zwei Amplitu- 
deneinheiten, wahrend die tibrigen Zeilen ohne Spannung blei- 
ben 

An den Spalten liegt stets eine Aiuplitudeneinheit . Fur 
15 Elemente, die unverandert bleiben sollen, d.h. also in den 
Spalten SI und S3 ist sie in Phase mit der Zeilenspannung . 
Wenn der Zustand eines Elementes neu definiert werden soil, 
d.h. also in den Spalten S2 und S4 ist die Spannung in Ge- 
genphase zur entsprechenden Zeilenspannung. An den umzu- 
20 schaltenden Elementen der Zeile liegen also drei Spannungs- 
einheiten f wahrend an alien ubrigen je eine Einheit liegt. 

Die Zeiten r wahrend welchen eine Frequenz jeweils an- 
liegt, sind dadurch bestimmt f dass unter drei Spannungs- 
einheiten eine eindeutige Definition des Zustandes eintritt, 
25 wahrend unter einer Einheit im Wechsel von Hoch- und Nieder- 
frequenz beide Zustandsmoglichkeiten ungeandert bleiben. Die- 
se ZeitentNF, *£hf hangen von Material- und Zellenparame- 
tern ab und raiissen von Fall zu Fall optimiert werden. 
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Patentanspriiche 

1. Fliissigkristallzelle mit einem cholesterischen 
Flussigkristall zwischen zwei mit Ansteuerelektroden ver- 
sehenen Tragerplatten, dadurch gekennzeichnet, dass der 
Flussigkr istall in zwei optisch verschiedenen stabilen 

5 Texturen existiert und eine dielektrische Anisotropic be- 
sitzt, die bei Frequenzen unterhalb eines Schwellwerts 
positiv ist wodurch der Flussigkristall durch Anlegen einer 
Wechselspannung mit einer solchen niedrigen Frequenz eine 
der beiden stabilen Texturen annimmt, bei Frequenzen ober- 
10 halb des Schwellwerts negativ ist f wodurch der Flussig- 
kristall durch Anlegen einer Wechselspannung mit einer 
hoheren Frequenz die andere stabile Textur annimmt. 

2. Fliissigkristallzelle nach Anspruch 1, dadurch 
gekennzeichnet, dass die auf der Einf allsseite des Lichts 

15 befindliche Tragerplatte auf ihrer dem Flussigkristall 
zugewandten Oberflache eine Beschaf f enheit aufweist, 
die die Flussigkr istallmolekiile homogen orientiert. 

3. Flussigkr istallzelle f nach Anspruch 1, dadurch 
gekennzeichnet, dass die auf der Einf allsseite des Lichts 

20 befindliche Tragerplatte auf ihrer dem Flussigkristall zuge- 
wandten Oberflache eine Beschaf f enheit aufweist r die die 
Flussigkr istallmolekiile homootrop orientiert. 

4. Fliissigkristallzelle nach einem der vorangehenden 
Anspriiche, dadurch gekennzeichnet, dass der Flussigkristall 

25 in einer der beiden stabilen Texturen eine parallel zu den 
Tragerplatten, in der anderen stabilen Textur eine senkrecht 
zu den Tragerplatten liegende Helixachse aufweist. 

5. Fliissigkristallzelle nach einem der vorangehenden 
Anspriiche, dadurch gekennzeichnet, dass die Ansteuerelektro- 

30 den auf einer Tragerplatte in Zeilen-, auf der anderen 

Tragerplatte in Spaltenleiter unterteilt sind und auf diese 
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Weise eine Matr ixanzeige bilden. 

6. Fliissigkristallzelle nach Anspruch 5, dadurch 
gekennzeichnet, dass die Zeilen- und Spaltenleiter abwech- 
selnd mit einera niederf requenten und einem hochf requenten 
5 Signal beaufschlagt werden. 



7. Fliissigkristallzelle nach Anspruch 6, dadurch 
gekennzeichnet, dass zum Einlesen einer Zeile an dem an- 
zust;uerftden Zeilenleiter ein Signal mit einer bestimmten 
10 Amplitude und an alien anderen Zeilenleitern kein Signal 
anliegt, wahrend zugleich alien Spaltenleitern ein Signal 
zugefiihrt wird f dessen Amplitude halb so gross ist wie die 
des Zeilensignals und fur die umzuschaltenden Kreuzungs- 
punkte gegenphasig zum Zeilensignal f fiir alle anderen 
Kreuzungspunkte mit dem Zeilensignal in Phase 1st. 



*** 
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MULTTSTABLE CHIRAL NEMATIC DISPLAYS 

This application was made in part with Government support under 
cooperative agreement number DMR 89-20147 awarded by the National 
Science Foundation. The Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

Related Applications 

This application is a continuation in part of U.S. Serial No. 07/694,840 
filed May 2, 1991, incorporated herein by reference, U.S. Serial No. 07/885,154, 
filed May 18, 1992, incorporated herein by reference and U.S. Serial No. 
07/969,093, incorporated herein by reference. 
Technical Field 

The present invention relates generally to liquid crystalline light 
modulating devices, and more specifically to new polymer free liquid crystalline 
display cells and materials which exhibit different optical states under different 
electrical field conditions and are characterized by a unique combination of 
properties, including optical multistability and haze-free light transmission at all 
viewing angles in both a field-ON or field-OFF mode. 

Electrically switchable liquid crystal films intended for use in electro- 
optical devices have been prepared using various types and concentrations of 
liquid crystal and polymer. One such technique involves imbibing liquid crystal 
into micropores of a plastic or glass sheet. Another technique involves 
evaporation of water from an aqueous emulsion of nematic liquid crystal in a 
solution of water-soluble polymer such as polyvinyl alcohol or in a latex 
emulsion. 

A different procedure offering significant advantages over mechanical 
entrapment techniques and the emulsification procedure involves phase 
separation of liquid crystal from a homogeneous solution with a suitable 
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synthetic resin to form a liquid crystal phase interspersed with a polymer phase. 
These types of films, some of which are referred to as PDLC, have been shown 
to be useful in many applications ranging from large area displays and 
switchable coatings for windows to projection displays and high-definition tele- 
vision. 

All of the above-noted materials and procedures have the disadvantage 
of requiring numerous and expensive reagents and starting materials. The 
various imbibing, emulsification or polymerization procedures associated with 
these systems significantly add to the cost and complexity of their manufacture. 
Moreover, when significant amounts of polymer are used, they begin to exhibit 
the characteristic drawback of "haze" at increasing oblique viewing angles until 
an essentially opaque appearance is detected at an oblique enough angle due 
to the perceived mismatch between the effective index of refraction of the 
liquid crystal and the refractive index of the polymer. 

In the parent application it was found that good color reflective displays 
could be prepared using chiral nematic liquid crystal and polymer. These 
displays had the advantages of exhibiting multiple stable color reflecting states 
and, when the amount of polymer was low, haze free viewing. However, in 
spite of their many advantages, these displays still require the use of polymers 
and hence, have the drawbacks associated therewith. 

Surprisingly, it has now been discovered that a polymer free multistable 
color reflecting cell can be prepared that exhibits stable color reflecting and 
light scattering states with multiple stable optical states therebetween 
characterized by varying degrees of intensity of reflection. Depending upon the 
voltage of the electric field addressing pulse, the material can be switched 
between these multiple optical states, all of which are stable in the absence of 
an applied field. 

DISCLOSURE OF THE INVENTION 

An important feature of the invention is that a reflective color display 
cell can be prepared without polymer so that it exhibits multiple optically 
different states, all of which are stable in the absence of an applied field. The 
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display can be driven from one state to another by an electric field. 
Depending upon the magnitude and shape of the electric field pulse, the 
optical state of the material can be changed to a new stable state which reflects 
any desired intensity of colored light along a continuum of such states, thus 
providing a stable "grey scale." Surprisingly, these materials can be prepared 
without the need for polymers and the added expense and manufacturing 
complexities associated therewith. 

Generally, a sufficiently low electric field pulse applied to the material 
results in a light scattering state which is white in appearance. In this state, a 
proportion of the liquid crystal molecules have a focal conic texture as a result 
of competition between any surface effects, elastic forces and the electric field. 
After application of a sufficiently high electric field pulse, i.e., an electric field 
high enough to homeotropically align the liquid crystal directors, the material 
relaxes to a light reflecting state that can be made to appear as green,* red, 
blue, or any pre-selected color depending upon the pitch length of the chiral 
nematic liquid crystal. The light scattering and light reflecting states remain 
stable at zero field. By subjecting the material to an electric field in between 
that which will switch it from the reflecting state to the scattering state, or vise 
versa, one obtains stable grey scale states characterized by varying degrees of 
reflection in between that exhibited by the reflecting and scattering states. 
When the chiral nematic liquid crystal is in a planar colored light reflecting 
texture and an intermediate electric field pulse is applied, the amount of 
material in the planar texture, and the intensity of reflectivity of the colored 
light, decrease. Similarly, when the material is in the foc^l conic texture and an 
intermediate electric field pulse is applied, the amount of material in the 
planar texture will increase as will the intensity of reflection from the cell. 
When the electric field is removed, the material is stable and remains in the 
established texture to reflect that intensity of light indefinitely, regardless of 
which texture it started from. 

If an electric field high enough to homeotropically align the liquid 
crystal directors is maintained, the material is transparent until the field is 
removed. When the field is turned off quickly, the material reforms to the 
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light reflecting state and, when the field is turned off slowly, the material 
reforms to the light scattering state. In each case, the electric field pulse is 
preferably an AC pulse, and more preferably a square AC pulse, since a DC 
pulse will tend to cause ionic conduction and limit the life of the cell. 

While not wanting to be bound by theory, it is believed that when the 
voltage is applied, a proportion of the material enters a turbid phase while the 
field is on. Those portions of the material that exhibit the turbid phase tend to 
relax to a focal conic, light scattering texture upon removal of the field. Those 
portions of the material unaffected by the field, i.e., those portions that do not 
enter the turbid phase, remain in the planar, light reflecting texture. The 
amount of light reflected from the cell depends on the amount of material in 
the planar reflecting texture. When the voltage of the electric field is 
increased, a higher proportion of the material enters the turbid phase while the 
field is on, followed by relaxation to the focal conic texture when the field is 
removed. Since the reflection from the cell is proportional to the amount of 
material in the planar reflecting texture, reflection from the cell decreases 
along a grey scale as a result of an increase in the magnitude of the field 
because more of the material enters the turbid phase and is switched to the 
focal conic texture. At a certain threshold voltage, which depends upon the 
material, substantially all of the material is switched to the focal conic texture 
upon removal of the field, characterized by a light scattering condition where 
the reflectivity of the cell is at or near a minimum. When the voltage is 
removed, the assumed texture is stable and will remain scattering indefinitely. 
When the voltage is increased further, to a point high enough to untwist the 
liquid crystal and homeotropically align the liquid crystal directors, the material 
is transparent anjd will remain transparent until the voltage is removed. From 
the homeotropic texture, the material tends to relax to the stable color 
reflecting planar texture upon removal of the field. 

When the material is in a light scattering focal conic texture and a low 
voltage pulse is applied, the material begins to change texture and again stable 
grey scale reflectivities are obtained. Since the material here starts in the 
scattering focal conic texture, the grey scale reflectivities are characterized by 
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an increase in the reflectivity from that exhibited when substantially all of the 
material is in the scattering focal conic texture, although it has been observed 
that the reflectivity may initially decrease in some samples. The increase in 
reflectivity is believed to be attributable to proportions of the material that 
become homeotropically aligned as a result of the applied field. Those 
proportions that are homeotropically aligned relax to a stable planar light 
reflecting texture upon removal of the field, while the remainder of the 
material exhibits the turbid phase as a result of the field and relaxes back to 
the focal conic texture upon removal thereof. When the voltage is increased 
still further, to the point of homeotropically aligning substantially all of the 
liquid crystal, the material again appears clear and relaxes to the stable planar 
color reflecting texture upon removal of the field. 

In short, it is believed that those proportions of the material that enter 
the turbid phase as the result of an applied field relax to a stable focal conic 
texture upon removal of the field, and those portions that become 
homeotropically aligned due to the application of an applied field relax to a 
stable planer texture upon removal of the field. It is believed that the material 
returns to the scattering focal conic state when a high electric field is slowly 
removed from the homeotropically aligned liquid crystal because slow removal 
takes the material into the turbid phase from which it seems to consistently 
relax to a focal conic texture after removal of a field. When a high field is 
removed quickly, the material does not enter the turbid phase and thus, relaxes 
to the planar reflecting texture. In any case, it can be seen that electric field 
pulses of various magnitudes below that necessary to drive the material from 
the stable reflecting state to the stable scattering state, or vise versa, will drive 
the material to intermediate states that are themselves stable. These multiple 
stable states indefinitely reflect colored light of an intensity between that 
reflected by the reflecting and scattering states. Thus, depending upon the 
magnitude of the electric field pulse the material exhibits stable grey scale 
reflectivity without the need for polymer. The magnitude of the field necessary 
to drive the material between various states will, of course, vary depending 
upon fhe nature and amount of the particular liquid crystal and thickness of 
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the cell. Application of mechanical stress to the material can also be used to 
drive the material from a light scattering to a light reflecting state. 

A major advantage of the multistable material is that it does not require 
an active matrix to make a high-definition flat panel screen. The screen can be 
prepared without active elements at each pixel site and a multiplexing scheme 
used to address the display. This greatly simplifies production, increases yield 
and reduces the cost of the display. Since the material does not require 
polymer, even greater simplification of production and cost savings are realized 
by the invention. Other advantages of the present invention are that the light 
scattering and light reflecting states are stable without requiring polymer or 
delicate surface conditions of the substrate. Display devices made with the 
material of the invention do not require polarizers which limit the brightness of 
the displays and color is introduced by the material itself without the need of 
color filters which also can reduce brightness. 

The advantageous properties described above are achieved in the 
invention by providing a light modulating reflective cell comprising a polymer 
free chiral nematic liquid crystalline light modulating material, including 
nematic liquid crystal having positive dielectric anisotropy and chiral material in 
gin amount effective to form focal conic and twisted planar textures having a 
pitch length effective to reflect light in the visible spectrum, wherein the focal 
conic and twisted planar textures are stable in the absence of a field and the 
liquid crystal material is capable of changing textures upon the application of a 



The addressing means can be of any type known in the art, such as an 
active matrix, a multiplexing circuit, electrodes and lasers. As a result, the new 
material can be made to exhibit different optical states, i.e., light transmitting, 
light scattering, light reflecting and stable grey scale in between these states, 
under different field conditions without the need for polymer and the 
complicated manufacturing processes associated therewith. 

The chiral nematic liquid crystal is a mixture of nematic liquid crystal 
having positive dielectric anisotropy and chiral material in an amount sufficient 
to produce a desired pitch length. Suitable nematic liquid crystals and chiral 



field. 
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materials are commercially available and would be known to those of ordinary 
skill in the art in view of this disclosure. The amount of nematic liquid crystal 
and chiral material will vary depending upon the particular liquid crystal and 
chiral material used, as well as the desired mode of operation. 



the relation A.=np, where n is the average refractive index and p is the pitch 
length. Wavelengths between about 350 nm and 850 nm are in the visible 
spectrum. Accordingly, one of ordinary skill in the art will be able to select 
appropriate materials for the invention based upon the refractive indices of the 
materials involved and on general principles of chiral doping of liquid crystals 
to obtain optimum pitches, for example, the procedures taught in the manual 
distributed by Hoffmann-La Roche, Ltd., entitled How to Dope Liquid Crystal 
Mixtures in Order t o Ensure Optimum Pitch and to Compensate the Temperature 
Dependence. Schadt et al., (1990), incorporated herein by reference. * 

In a preferred embodiment the pitch length of the chiral nematic liquid 
crystal is in a range of from about .25 to about 1.5 microns, more preferably 
from about .45 to about .8 microns. Typical pitch lengths are 0.27 microns for 
blue color, 0.31 microns for green color and 0.40 microns for red color. 
Moreover, the chiral nematic liquid crystal preferably contains from about 20 
to about 60% by weight chiral material based on the combined weight of 
nematic liquid crystal and chiral material and, still more preferably, from about 
20 to about 40% by weight chiral material based on the combined weight of 
nematic liquid crystal and chiral material. The ranges can vary, however, 
depending upon the chiral material and liquid crystal. The nematic liquid 
crystal preferably has a positive dielectric anisotropy of at least about 5 and 
more preferably at least about 10. It will be understood that the weight 
amounts can vary depending upon the particular liquid crystal and chiral 
material used. 

In carrying out the invention, the solution containing the desired 
amounts of nematic liquid crystal and chiral material is prepared and 
introduced between cell substrates, at least one of which is transparent. The 
cell is then sealed around its edges with, for example, epoxy or other materials 



5 



The wavelength of the light that is reflected by the material is given by 
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known in the art. The cell can be filled by methods known to those of 
ordinary skill in the art, such as by capillary action. A preferred technique is to 
vacuum fill the cells. This improves cell uniformity and eliminates bubbles in 
the cell. For electrically addressable cells the cell walls are coated with 
transparent electrodes, such as indium tin oxide, prior to the introduction of 
the liquid crystal. 

While not necessary to the invention, in some instances it is desirable to 
treat the cell walls with materials in addition to the electrodes, such as 
detergent or chemicals, to obtain variations in the contrast or switching 
characteristics. These treatments can be used to affect the uniformity of the 
liquid crystal, alter the stability of the various textures and to alter the strength 
of any surface anchoring. In addition to using a wide variety of materials for 
such surface treatments, the treatments on opposite substrates may differ. For 
example, the substrates may be rubbed in different directions, one substrate 
may include the additional treatment while the other substrate does not, or 
opposite substrates may be treated with different materials. As noted above, 
such additional treatments can have the effect of altering the characteristics of 
the cell response. 

Optionally, other additives may be included in the chiral nematic liquid 
crystal mixture to alter the characteristics of the cell. For example, while color 
is introduced by the liquid crystal material itself, pleochroic dyes may be added 
to intensify or vary the color reflected by the cell. Similarly, additives such as 
fumed silica can be dissolved in the liquid crystal mixture to adjust the stability 
of the various cholesteric textures. 

The invention also features an improved method of addressing a 
polymer free choral nematic liquid crystal material capable of being switched 
between a color reflecting state that reflects a maximum reference intensity, 
and a light scattering state exhibiting a minimum reference intensity. The 
improvement comprises applying voltage pulses of varying magnitude sufficient 
to achieve color reflectivity between said maximum and minimum, thereby 
producing stable grey scale reflectance from the material. 
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Preferably the method is characterized by subjecting the material to an 
AC pulse of sufficient duration and voltage to cause a proportion of said chiral 
nematic material to exhibit a first optical state and the remaining proportion of 
the chiral nematic material to exhibit a second optical state that is different 
than the first state. In the preferred embodiment, the proportion of the 
material in the first optical state exhibits the planar texture and the remainder 
of the material in the second optical state exhibits the* focal conic texture, the 
intensity of reflection being proportional to the amount of the material in the 
planar reflecting texture. 

Many additional features, advantages and a fuller understanding of the 
invention will be had from the following detailed description of preferred 
embodiments and the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a diagrammatic, cross-sectional illustration of a light 
modulating cell incorporating the liquid crystalline material of the invention. 

Figure 2 is a diagrammatic, fragmentary, enlarged cross-sectional 
illustration of the material when the liquid crystal is homeotropically aligned to 
affect an optically clear state. 

Figure 3 is a diagrammatic, fragmentary, enlarged cross-sectional 
illustration of the material in a light scattering state. 

Figure 4 is a diagrammatic, fragmentary, enlarged cross-sectional 
^lustration of the material when the liquid crystal has a twisted planar texture. 

Figure 5 is a plot of the electro-optic response of a cell to AC pulses of 
varying voltages demonstrating grey scale reflection in the voltage range of 
about 30 and 140 volts starting from the planar texture, and between about 140 
and 180 starting from the focal conic. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

The diagrammatically illustrated cell in Figure 1 comprises glass plates 
10, 11 which are sealed around their edges and separated by spacers 12. As 
shown, the glass plates 10, 11 are coated with indium-tin oxide (ITO) or the 
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like to form transparent electrodes 13. The reference character 14 represents 
an optional surface coating which can be applied to the electrodes in order to 
affect the liquid crystal directors, or to alter the contrast, reflection or switching 
characteristics of the cell. The opposite coatings 14 may be the same material 
or different material, may be rubbed in different directions, or one or both of 
the coatings 14 may be eliminated altogether. 

The cell of Figure 1 is filled with the polymer free liquid crystalline 
material of the invention. The liquid crystalline light modulating material is 
generally comprised of chiral nematic liquid crystal 16 having nematic liquid 
crystal with positive dielectric anisotropy and chiral material. An AC voltage 
source 17 is shown connected to the electrodes 13 in order to switch the cell 
between different optical states. 

It is to be understood that the form of the cell depicted in Figure 1 has 
been chosen only for the purpose of describing a particular embodiment and 
function of the polymer free liquid crystalline material of the invention, and 
that the material can be addressed in various ways and incorporated in other 
types of cells. For example, instead of being addressed by externally activated 
electrodes, the material can be addressed by an active matrix, a multiplexing 
scheme or other type of circuitry, all of which will be evident to those working 
in the art. Similarly, the cells can be prepared without the optional surface 
treatment layers 14. 

When the optional surface treatment layers are employed in addition to 
rubbed or unrubbed ITO or other suitable electrodes for the purpose of 
altering the characteristics of the cell, a wide variety of materials may be used. 
Suitable materials include polymethylmethacrylate (PMMA), unrubbed 
polyimide, polyisobutylmethacrylate, poly-n-butylmethacrylate, polyvinylformal 
(PVF) and polycarbonate. Both plates may have the same or different 
materials and may be rubbed, unrubbed or otherwise textured. Similarly, 
opposite surfaces may be rubbed in different directions or textured in different 
manners. Best results are obtained with rubbed ITO without any additional 
surface treatments. 
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The liquid crystal material comprises a nematic liquid crystal having 
positive dielectric anisotropy and a chiral material, e.g., cholesteric liquid 
crystal, but does not contain any polymer. Suitable nematic liquid crystals 
include, for example, E7, E48, E31 and E80 manufactured by E. Merck, 
5 although virtually any cyanobiphenyl known in the art having suitable positive 

anisotropy will likely suffice. Suitable chiral agents include, for example, CB15, 
CE2 and TM74A, also manufacture by E. Merck. Other nematic liquid crystals 
and chiral materials suitable for use in the invention would be known to the 
skilled artisan in view of the instant disclosure. Other optional components 
10 that may be added to the chiral nematic liquid crystal mixture include, for 

example, fumed silica to adjust the stability of the various textures and dyes to 
adjust the color. 

In a preferred manner of preparing the cell shown in Figure 1, a 
solution of the chiral nematic liquid crystal together with any additional dyes or 

15 additives and the like is prepared. The solution is then introduced between the 

glass plates 10, 11, shown here having the optional coatings 14. This can be 
done by methods known to those of ordinary skill in the art, such as capillary 
filling and, more preferably, vacuum filling. Once introduced between the 
plates the cell is sealed around its edges as is known in the art. 

20 Polymer free displays prepared according to the invention capable of 

being switched between stable planar, focal conic and grey scale states are 
shown in the following non-limiting examples. 

Example 1 

25 A chiral nematic liquid crystal mixture containing 37.5% by weight E48 

(nematic liquid crystal from EM Chemicals) and 62.5% by weight TM74A 
(chiral additive from EM Chemicals) was prepared. A one inch square cell 
was then formed from two substrates coated with ITO. The ITO coatings of 
both substrates were buffed parallel to each other. 10 jim glass spacers were 

30 sprayed onto one substrate and the second substrate was sandwitched so that 

two of its edges overlapped the first substrate and the cell held together with 
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clamps. Five minute epoxy (Devcon) was then used to seal the two non- 
overlapping edges. 

The cell was held vertically and a bead of the chiral nematic liquid 
crystal was placed along the top open edge of the cell. The cell then filled 
spontaneously by capillary action over a period of approximately 15 minutes. 
Once filled, the residual liquid crystal mixture is removed from the edge and 
the open edges sealed with five minute epoxy. 

The cell was initially in the planar reflecting state. A 100ms lower 
voltage pulse of about 115 volts and 1 KHz, switched the cell into the focal 
conic scattering state. A 100 ms higher voltage pulse of about 180 volts, and 
IKHz switched the cell back to the planar reflecting state. Both the planar 
and focal conic states were stable in the absence of a field and the cell 
exhibited multiple stable grey scale reflecting states between the scattering and 
reflecting states. 

Example 2 " 

A mixture of E48 and TM74A in a weight ratio of 0.6:1 was introduced 
between ITO coated glass substrates spaced 10 micrometers apart as in the 
previous example. The substrates were additionally coated with an unrubbed 
polyimide layer. The cell was initially in the focal conic, scattering texture that 
transmitted only about 30% of an HeNe beam through the cell. A 10 ms, 155 
volt, 1 KHz Ac pulse switched the cell to a planar texture reflecting green 
colored light. The transmission from the cell in the reflecting state was about 
65%. A 95 volt pulse of the same duration and wavelength switched the cell 
back to the focal conic, scattering state. The cell switched between states in 
less than 10ms. , 

Example 3 

A cell was prepared as in the preceding examples with a mixture of 
CB15, CE2 (chiral materials from EM Chemicals) and E48 nematic liquid 
crystal in a weight ratio of 0.15:0.15:0.7. In this cell the driving voltage was cut 
approximately in half because the dielectric anisotropy of the mixture was 
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higher then when TM74A was used. The electro-optic response of this 
material was similar to that of example 1. 

Table I shows numerous additional examples of materials prepared 
according to the preceding examples. The concentration of chiral material, and 
the type and concentration of nematic liquid crystal were varied in these cells. 
In each case the chiral material was a 50:50 mixture of CE2 and CB15. Each 
cell employed unrubbed ITO electrodes as the only surface treatment on the 
substrates. The materials in Table I all exhibited multistability in the visible 
spectrum, i.e., stable reflecting, scattering and grey scale states. 

Table I 





Chiral Aeent Nematic LC 


Thickness 


Color Multistabilitv 


Surface 


4. 


CE2/CB15 30% E48 70% 


10 jim 


Red 


Yes 


ITO 


5. 


CE2/CB15 40% E48 60% 


10 |im 


Grn 


Yes 


ITO 


6. 


CE2/CB15 50% E48 50% 


10 \im 


Blu 


Yes 


ITO 


7. 


CE2/CB15 30% E7 70% 


10 jim 


Red 


Yes 


ITO 


8. 


CE2/CB15 40% E7 60% 


10 jim 


Grn 


Yes 


ITO 


9. 


CE2/CB15 30% E31 70% 


10 \im 


Red 


Yes 


no 


10. CE2/CB15 40% E31 60% 


10 |im 


Grn 


Yes 


no 



Table II shows examples of materials prepared according to the 
preceding examples exhibiting multistability with varying surface treatment 
materials and cell thicknesses. In each case the nematic liquid crystal was E31 
(EM Chemicals) in an amount of 60% by weight based on the combined 
weight of nematic liquid crystal and chiral material. The chiral material in 
each case was a 50:50 mixture of CE2 and CB15 (EM Chemicals) present in 
an amount of 40% by weight based on the weight of chiral material and 
nematic liquid crystal. Each cell exhibited a green reflecting state. The 
reflecting and scattering states were stable in the absence of a field and the 
cells exhibited stable grey scale states therebetween. In examples 17 and 18, 
the PVF coatings on opposite substrates were rubbed parallel and 
perpendicular to each other, respectively. Similarly, the coatings on opposite 
substrates in examples 22 and 23 were rubbed parallel and perpendicular to 
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each other, respectively. The coatings in examples 21 and 24 were simply 
unrubbed ITO electrodes, and in the case of example 25, the ITO coatings on 
opposite substrates were rubbed parallel to each other. The i-butyl and n-butyl 
in examples 13-15 stand for n-butyl and i-butyl methacrylate, respectively. The 
spacing in these examples was adjusted by glass spheres as in the preceding 
examples. 



Table II 







Surface 


Thickness 


Multistats 


10 


11. 


100% n-Butyl 


10 jim 


yes 




12. 


100% i-Butyl 


10 jim 


yes 




13. 


75% i-Butyl/25% n-Butyl 


10 (im 


yes 




14. 


25% i-Butyl/75% n-Butyl 


10 iim 


yes 




15. 


50% i-Butyl/50% n-Butyl 


10 urn 


yes 


15 


16. 


polyvinyl formal (PVF) 


5 u.m 


yes 




17. 


PVF rubbed parallel 


5 jim 


yes 




18. 


PVF rubbed perpendicular 


5 jim 


yes 




19. 


polymethylmethacrylate (PMMA) 


5 jim 


yes 




20. 


polycarbonate (PCBR) 


5 nm 


yes 


20 


21. 


ITO 


6.7 jim 


yes 




22. 


PI rubbed parallel 


6.7 jim 


yes 




23. 


PI rubbed perpendicular 


6.7 jim 


yes 




24. 


ITO 


10 jim 


yes 




25. 


ITO rubbed 


10 jim 


yes 



25 



Table III is analogous to Table II in that it provides additional examples 
of multistable materials obtained as in example 1 with varying surface 
treatments and cell thicknesses. However, the materials in Table III consisted 
of TM74A chiral material in an amount of 60% by weight based on the weight 
30 of the chiral material and nematic liquid crystal. The nematic liquid crystal was 

E48 present in an amount of 40% by weight. These cells also reflected green 
colored light in the planar light reflecting texture and exhibited multistability as 



in the preceding examples. 
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Table III 



Surface Thickness Multistabilitv 

26. 100% n-Butyl 10 jim yes 

5 27. 100% i-Butyl 10 jim yes 

28. 75% i-Butyl/25% n-Butyl 10 \im yes 

29. 25% i-Butyl/75% n-Butyl 10 \im yes 

30. 50% i-Butyl/50% n-Butyl 10 \im yes 

31. polymethylmethacrylate (PMMA) 5 \xm yes 
10 32. PMMA rubbed parallel 5 [im * yes 

33. PMMA rubbed perpendicular 5 \im yes 

34. polycarbonate (PCBR) 5 fim yes 

35. PCBR rubbed parallel 5 \im yes 

36. PCBR rubbed perpendicular 5 jim yes 
15 37. PI 10 jim yes 

38. ITO 10 |im yes 

39. ITO rubbed 10 \im yes 



The polymer free multistable color display cells of the invention exhibit 

20 a stable grey scale phenomenon characterized by the ability of the material to 

reflect indefinitely any selected intensity of light between the intensity reflected 
by the reflecting state and that reflected by the scattering state, the former 
being when substantially all of the material exhibits the planar texture and the 
later being when substantially all of the material exhibits the focal conic 

25 texture. For purposes of this invention, the reflecting state reflects colored 

light at a maximum intensity for a given material, the color of the reflected 
light being determined by the pitch length of the chiral material. An electric 
field pulse of an appropriate threshold voltage will cause at least a portion of 
the material to change its optical state and the intensity of reflectivity to 

30 decrease. If the AC pulse is high enough, but still below that which will 

homeotropically align the liquid crystal, the optical state of the material will 
change completely to the scattering state which reflects light at a minimum 
intensity for a given material. In between the reflecting state, which for a given 
material can be considered to define the maximum intensity of reflectivity for 

35 that material, and the scattering state, which can be considered to define the 

minimum intensity of reflectivity, the intensity of reflectivity ranges along a grey 
scale, which is simply a continuum of intensity values between that exhibited by 
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the reflecting and scattering states. By pulsing the material with an AC pulse 
of a voltage in between that which will convert the material from the reflecting 
state to the scattering state, or visa versa, one obtains an intensity of reflectivity 
in this grey scale range. 

While not wanting to be bound by theory, it has been observed that the 
intensity of reflectivity along the grey scale when the material begins in the 
planar texture is approximately linearly proportional to the voltage of the 
pulse. By varying the voltage of the pulse the intensity of reflectivity of a given 
color can be varied proportionally. When the electric field is removed the 
material will reflect that intensity indefinitely. It is believed that pulses within 
this grey scale voltage range cause a proportion of the material to convert from 
the planar texture characteristic of the reflecting state, to the focal conic 
texture characteristic of the scattering state. The intensity of reflectivity along 
the grey scale is proportional to the amount of chiral material switched from 
the planar texture to the focal conic texture, or vise versa, which is in turn 
proportional to the voltage of the AC pulse. 

Figure 4 conceptually illustrates the polymer free multistable material of 
the invention in its light reflecting state. In this state, the chiral liquid crystal 
molecules 40 are oriented in a twisted planar structure parallel to the cell 
walls. Because of the twisted planar texture the material will reflect light, the 
color of which depends upon the particular pitch length. In this stable 
reflecting state, the material exhibits maximum reflectivity that constitutes a 
maximum reference intensity below which the grey scale intensities are 
observed. The planar texture of the liquid crystal is stable without the 
presence of polymer. As conceptually illustrated in Figure 3, the multistable 
color display material is in its light scattering state. In this stable scattering 
state the material exhibits its minimum intensity of reflection (i.e., maximum 
scattering) which defines a minimum reference intensity of reflectivity above 
which the grey scale intensities are observed. 

Both the light reflecting state of Figure 4 and the light scattering state 
of Figure 3, as well as the grey scale states therebetween, are stable in the 
absence of an electric field. If the material is in the light reflecting state of 
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Figure 4 and a low electric field pulse is applied, the material will be driven to 
the light scattering state of Figure 3 and will remain in that state at zero field. 
If the multistable material is in the light scattering state of Figure 3 and a 
higher electric field pulse sufficient to untwist the chiral molecules is applied, 
the liquid crystal molecules will reform to the light reflecting state of Figure 4 
at the end of the pulse and will remain in that condition. It is to be 
understood that the voltages per micron of cell thickness necessary to drive the 
material between optical states may vary depending on the composition of the 
material, but that the determination of necessary voltages is well within the skill 
in the art in view of the instant disclosure. 

If the high electric field necessary to untwist the liquid crystal molecules 
is maintained, the liquid crystal directors will be hbmeotropically aligned so 
that the material is transparent. If the field is slowly removed, the liquid 
crystal orientation will reform to the light scattering state of Figure 3, 
presumably because slow removal allows a significant proportion of the 
material to enter the turbid phase. When the field is quickly removed, the 
orientation will reform to the light reflecting state of Figure 4. The intensities 
of reflectivity reflected between the reflecting state of Figure 4 and the 
scattering state of Figure 3 are stable grey scale reflectivities. Of course, the 
intensity value of the reflecting and scattering states may vary as the 
composition of the material varies, but the grey scale is defined by the range of 
intensities therebetween. 

At voltages less than that which will transform the material from the 
reflecting state of Fig. 4 to the scattering state of Fig. 3, grey scale states which 
are themselves stable at zero field are obtained. The reflection from the 
material in these grey scale states is stable because a proportion of the 
material is in the planer reflecting texture of Fig. 4 and a proportion of the 
material is in the focal conic scattering texture of Fig. 3, both of which are 
stable in the absence of a field. ' 

Thus, for example, if the material is in the reflecting state of Fig. 4 and 
an electric field pulse is applied having a voltage insufficient to drive all of the 
liquid crystal 16 into the focal conic texture shown at 50 in Figure 3, i.e., 
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insufficient to drive the material completely to the scattering state, the material 
will reflect colored light of an intensity that is proportional to the amount of 
material that remains in the planar reflecting texture. The reflectivity will thus 
be lower than that reflected from the material when all of the chiral nematic 
liquid crystal is in the planar reflecting texture, but still higher than when 
switched completely to the focal conic scattering texture. As the voltage of the 
electric field pulse is increased, more of the chiral material is switched from the 
planar reflecting texture to the scattering focal conic texture and the reflectivity 
decreases further until the voltage of the pulse is increased to the point where 
all or most of the material enters the turbid phase from which it relaxes and is 
completely switched to the scattering state. If the voltage of the pulse is 
increased still further, the intensity of reflection begins to increase again until 
the magnitude of the pulse is sufficient to untwist most of the chiral molecules 
so that they will again reform to the planar light reflecting texture when the 
pulse is quickly removed and the material is again in the light reflecting state of 
Figure 4. 

If the material is in the focal conic scattering state of Figure 5, an 
applied electric field pulse will have a much less dramatic effect on the 
reflectivity of the cell than when it starts in the planar texture, until the voltage 
reaches a magnitude sufficient to untwist the chiral material, whereby it will 
reform to the light reflecting state of Figure 4, as described above, when the 
field is removed. Grey scale when the material starts in the focal conic texture 
appears to result when a proportion of the molecules untwist and 
homeotropically align as a result of the application of the field. This 
proportion of molecules then relaxes to the planar reflecting texture upon 
removal of the field. 

The response of a cell as described above is illustrated in Figure 6, 
which shows the response of the material prepared in Example 1 to varying 
pulse voltages. 

The reflectivity of the cell in response to AC pulse of varying voltages 
was measured. In the measurement, 100 millisecond, 1 KHz AC pulses were 
used. For this material an applied pulse above about 180V switched the cell 
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into the reflecting state independent of whether the cell was in the scattering 
or reflecting state prior to the pulse. Maximum reflection, i.e., transmission, is 
observed here. The material exhibited maximum scattering when a voltage in 
the 130 to 140V range was applied, regardless of whether the material was in 
the planar of focal conic texture prior to the pulse. 

The grey scale response of the cell in response to pulses of varying 
voltage is also seen in Fig. 6. Here the voltage of the* pulse was varied and the 
reflection (% transmission) from the cell was measured. Curve A is the 
response of the cell when the material is in the reflecting state prior to each 
pulse. Prior to each pulse plotted on curve A the material was subjected to a 
high AC pulse to ensure that it was completely in the reflecting state prior to 
the pulse. When the voltage of the pulse is below about 30V, the reflection of 
the cell is not significantly affected. When the voltage of the pulse is between 
about 40V and 110V, the reflectivity of the cell decreases approximatdly 
linearly as the voltage of the pulse is increased. Grey scale reflectivity is 
observed in this voltage range. In each case the material continued to reflect 
after the pulse was removed. When the voltage of the pulse was increased to 
from about 120 to 130V, the material was in the scattering state and exhibited 
near maximum scattering. When the magnitude of the pulse was increased still 
further, above about 150 to 160V, the reflectivity of the cell increased until the 
reflectivity approximated its original value, i.e., that of the reflecting state, 
above 180V. 

Curve B shows the response of the cell when the material was initially in 
the focal conic scattering state prior to the AC pulse. Here the reflectivity of 
the cell does not significantly change for AC pulses below about 30V. Between 
about 50 and 150V the scattering actually increases slightly and maximum 
scattering is observed from the cell. Above about 160V the transmission 
quickly increased and the cell switched to the reflecting state approximating the 
maximum transmission above about 180V. 

It can be seen that the linear relationship of the grey scale to voltage is 
much more pronounced, and the grey scale more gradual, when the material 
starts from the planar texture. Accordingly, most practical applications of the 
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grey scale phenomenon will likely employ the material starting from the planar 
texture. 

Many modifications and variations of the invention will be apparent to 
those of ordinary skill in the art in light of the foregoing disclosure. Therefore, 
it is to be understood that, within the scope of the appended claims, the 
invention can be practiced otherwise than has been specifically shown and 
described. 
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CLAIMS 

WHAT IS CLAIMED: 

1. A light modulating reflective cell comprising a polymer-free chiral 
nematic liquid crystalline light modulating material, including nematic liquid 
crystal having positive dielectric anisotropy and chiral material in an amount 
effective to form focal conic and twisted planar textures, said chiral material 

5 having a pitch length effective to reflect light in the visible spectrum, wherein 
said focal conic and twisted planar textures are stable in the absence of a field 
and the liquid crystal material is capable of changing textures upon the 
application of a field. 

2. The cell as claimed in Claim 1 wherein the pitch length of the 
chiral nematic liquid crystal is in a range of from about .25 to about 1.5 
microns. 

3. The cell as claimed in Claim 1 wherein the pitch length of the 
chiral nematic liquid crystal is in a range of from about .45 to about .8 microns. 

4. The cell as claimed in Claim 1 wherein the nematic liquid crystal 
has a positive dielectric anisotropy of at least about 5. 

5. The cell as claimed in Claim 1 wherein the nematic liquid crystal 
has a positive dielectric anisotropy of at least about 10. 

6. The cell as claimed in Claim 1 wherein the chiral nematic liquid 
crystal contains from about 20 to about 60% by weight chiral material based on 
the combined weight of nematic liquid crystal and chiral material. 

7. The cell as claimed in Claim 1 wherein the chiral nematic liquid 
crystal contains from about 20 to about 40% by weight chiral material based on 
the combined weight of nematic liquid crystal and chiral material. 
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8. The cell as claimed in Claim 1 wherein the liquid crystal exhibits 
a stable light reflecting twisted planar structure in a field-OFF condition 
following removal of a high field-ON condition, and a stable light scattering 
focal conic texture in a field-OFF condition following removal of a low field- 

5 ON condition. 

9. A method of addressing a light modulating cell comprising a 
polymer free chiral nematic liquid crystalline light modulating material, 
including nematic liquid crystal having positive dielectric anisotropy and chiral 
material in an amount effective to form focal conic and twisted planar textures, 

5 said chiral material having a pitch length effective to reflect light in the visible 
spectrum, said liquid crystal material being capable of being switched between 
a stable color reflecting state that reflects a maximum reference intensity and a 
stable light scattering state exhibiting a minimum reference intensity of 
reflection by application of a voltage pulse, the method comprising the steps of 
10 applying voltage pulses of varying magnitude sufficient to achieve a continuum 
of stable states having color reflectivity of an intensity between said maximum 
and minimum reference intensities. 

10. The improvement according to claim 9 comprising applying 
square A.C. voltage pulses. 

11. The improvement according to claim 9 comprising applying said 
A.C. pulses at a magnitude between that which will switch said material from 
said reflecting state to said scattering state. 

V 

12. A method of selectively adjusting the intensity of reflection of 
colored light from a polymer free chiral nematic liquid crystalline light 
modulating material, including nematic liquid crystal having positive dielectric 
anisotropy and chiral material in an amount effective to form focal conic and 

5 twisted planar textures, said chiral material having a pitch length effective to 
reflect light in the visible spectrum, said liquid crystal material being capable of 
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changing textures upon the application of a field, between a maximum and a 
minimum intensity, the method comprising subjecting said material to an 
electric field pulse of sufficient duration and voltage to cause a first proportion 
10 of said chiral nematic material to exhibit a first optical state and a second 
proportion of said chiral nematic material to exhibit a second optical state, 
whereby said material will continuously reflect a selected intensity between said 
maximum and minimum that is proportional to the amount of said material in 
said first optical state. 

13. The method according to claim 12 wherein said chiral nematic 
material in said first optical state exhibits a planar texture and said chiral 
nematic material in said second optical state exhibits a focal conic texture. 

14. A light modulating device comprising liquid crystalline light 
modulating material of chiral nematic liquid crystal consisting essentially of 
nematic liquid crystal having positive dielectric anisotropy and chiral material in 
an amount effective to form focal conic and twisted planar textures having a 

5 pitch length effective to reflect light in the visible spectrum, wherein said focal 
conic and twisted planar textures are stabilized in the absence of a field and 
the liquid crystal material is capable of changing textures upon the application 
of a field, wherein a first proportion of said material is in a first optical state 
and second proportion of said material is in a second optical state, and means 
10 for establishing an electrical field through said material, said means adapted to 
provide a pulse of sufficient voltage and duration to chrnge the proportion of 
said material in said first optical state, whereby the intensity of light reflected 
may be selectively adjusted. 

15. The device according to claim 14 wherein the material in said 
first optical state exhibits a planar texture and the material in said second 
optical state exhibits a focal conic texture. 
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16. The device according to claim 14 including cell wall structure 
treated to align the liquid crystal. 

17. The device according to claim 14, wherein said means for - * 
establishing a field through said material is adapted to provide an AC pulse. 
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FIG. 5 
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